Natalizumab (Tysabri) is a monoclonal antibody ( 4 integrin antagonist) approved for treatment of multiple sclerosis, both for patients who fail therapy with other disease modifying agents and for patients with aggressive disease. Natalizumab is highly effective, resulting in significant decreases in rates of both relapse and disability accumulation, as well as marked decrease in MRI evidence of disease activity. As such, utilization of natalizumab is increasing, and the presentation of its associated complications is increasing accordingly. This review focuses on the clinical and neuroimaging features of the major complications associated with natalizumab therapy, focusing on the rare but devastating progressive multifocal leukoencephalopathy (PML). Associated entities including PML associated immune reconstitution inflammatory syndrome (PML-IRIS) and the emerging phenomenon of rebound of MS disease activity after natalizumab discontinuation are also discussed. Early recognition of neuroimaging features associated with these processes is critical in order to facilitate prompt diagnosis, treatment, and/or modification of therapies to improve patient outcomes.
Introduction
Natalizumab is a monoclonal antibody directed against the 4 1 and 4 7 integrins, approved for therapy in relapsing remitting multiple sclerosis [1] . The drug prevents inflammatory cells from binding to cerebrovascular endothelial cells, thereby preventing them from crossing the blood brain barrier and entering the brain [1, 2] , resulting in profound immunosuppression within the CNS (Figure 1 ). This blockade is a highly effective therapy for multiple sclerosis, with placebo controlled studies demonstrating up to a 68% reduction in clinical relapse rates, 42% reduced risk of sustained progressive disability, 92% fewer gadolinium enhancing lesions, and an 83% decrease in the accumulation of new or enlarging T2 hyperintense white matter lesions [3] [4] [5] . Up to 37% of patients appear completely free of clinical and radiological disease activity while on therapy over 2 years [6] . Given its clinical efficacy, utilization of natalizumab has rapidly increased, with approximately 134,800 MS patients receiving or having received the drug as of March 2015 (https://medinfo.biogen.com/, accessed June 2015). With increasing utilization of natalizumab, radiologists and neurologists are more likely to encounter its complications in clinical practice, and prompt recognition of these complications is critical for optimal management.
The overall incidence of adverse events associated with natalizumab is low. Infusion and allergic reactions have been reported in small groups of patients but are managed efficiently with corticosteroids [7] . Hepatic injuries have been reported to occur after the first infusion, though they are not common [8, 9] . Several cases of melanoma have been reported in patients on natalizumab [10] [11] [12] , but incidence appears similar between placebo and natalizumab and there is insufficient evidence to support a definitive link to natalizumab [11, 13, 14] . There have been 6 reported cases of CNS lymphoma in patients treated with natalizumab [15] [16] [17] [18] [19] . However, two of these patients may have had preexisting lymphoma and at least one was negative for EBV, suggesting that these lymphomas may not have been caused by natalizumab therapy, though potentiation of progression is not excluded [16, 20] . The primary complication of natalizumab therapy is progressive multifocal leukoencephalopathy (PML). Rapid drug removal, usually by plasma exchange (PLEX), may contribute to improved patient survival, but early diagnosis is crucial [21] [22] [23] . Unfortunately, despite successful management of PML, PML associated immune reconstitution inflammatory syndrome (PML-IRIS) may occur resulting in a paradoxical worsening of symptoms. The IRIS phenomenon is not limited to PML treatment and is emerging in a subset of patients upon cessation of natalizumab therapy for other reasons who experience exuberant rebound of MS disease activity after natalizumab discontinuation. These three phenomena, PML, PML-IRIS, and natalizumab rebound, each have significant negative effects on patient morbidity and mortality and are the main focus of this review. Early recognition of the spectrum of clinical and imaging findings is crucial in order to limit their devastating impact.
PML: Background
PML is an opportunistic infection of the brain caused by the JC virus, affecting severely immunosuppressed patients with impaired T-lymphocyte responses [24] . Early investigations of PML-infected brains demonstrated that the JC virus predominantly infects myelin-producing oligodendrocytes resulting in severe irreversible demyelination [25, 26] . While oligodendrocytes are the primary site of CNS infection, the virus has also been detectable in astrocytes [27] and cell loss in the granule layer of the cerebellum and neuronal infections have been reported [28] [29] [30] . JCV viral infection is widespread, with serum antibodies against JC virus detectable in as much as 80% of the population [31] . PML may result from reactivation of latent JC virus infection in the brain [26] or spread from peripheral reservoirs in the kidneys [32] and bone marrow [33] to the brain during immunosuppression.
PML was originally reported in rare association with lymphoma. As HIV emerged, the incidence of PML also increased, with up to 5% of AIDS patients contracting the disease [34] . PML has also been reported in patients with rheumatic diseases such as lupus, those receiving organ transplants and patients taking immunosuppressive therapies such as alkylating agents, purine analogues, and monoclonal antibodies [35] . Besides natalizumab, PML has recently been reported in two MS patients treated with fingolimod [36] and one patient treated with tecfidera [37] without prior exposure to other immunosuppressants. PML has also been reported in 3 patients receiving dimethyl fumarate (DMF), both with and without lymphopenia [38] [39] [40] . While these patients were being treated for psoriasis, not MS, DMF is also used in the treatment of MS, necessitating vigilant monitoring for PML in this patient group as well. [45] . The estimated incidence for MS patients who test negative (index < 0.2) for JC virus antibody is extremely low, less than 0.11 per 1000 (95% CI 0.00-0.59), and reaches 5.55 per 1000 (95% CI 5.34-6.42) in those testing positive (index > 0.4) without other risk factors. The risk of PML increases with longer treatment duration, peaking at 24 months with a risk of 6.11 per 1000 (95% CI 5. 35-6.47) . A prior history of immunosuppressant use [35] further increases risk, reaching a maximum incidence of 13 per 1000 in JCV-Ab + patients on natalizumab greater than 49 months and with prior immunosuppressive therapy exposure (https://medinfo.biogen.com/, accessed July 2015).
Natalizumab and PML: Prognosis
The mortality rate in natalizumab associated PML is approximately 22% [46] . This is considerably lower than the more common HIV-AIDS associated form, which has been reported in up to 40-50% in the HAART era [23, 46] . Those who survive, however, usually suffer from significant disability with 90% of patients having moderate or severe disability per Karnofsky Performance Scale (KPS) scores 6 months after diagnosis (https://medinfo.biogen.com/, accessed July 2015). Mortality rates are higher in patients who are older and have poorer baseline function related to the severity of MS and in those in whom diagnosis was delayed [23] . The presence or absence of symptoms at the time of diagnosis appears to be an important prognostic factor. Asymptomatic patients demonstrate significantly lower mean Expanded Disability Status Scale (EDSS) scores, higher mean KPS scores, and improved survival compared with symptomatic patients [47] .
Natalizumab and PML: Clinical Features
The clinical presentation of PML is heterogeneous and may include focal and nonfocal neurologic deficits affecting neurobehavioral, motor, language, and visual functions [21, 48] . Cognitive deficits are not surprisingly the most common, given the widely distributed nature of cognitive function throughout the brain and the already compromised neural condition of MS patients. Although quite rare, brain stem involvement causes the most severe symptoms. While PML can be detected in patients who are asymptomatic [47, 49] , the earliest symptoms attributable to PML are usually nonspecific and subtle and may be misinterpreted as exacerbations of multiple sclerosis, related to depression or may be missed entirely [50] . Symptoms in the mid and later stages of the disease can be mistakenly diagnosed as stroke or seizure disorders, and seizures have been reported in up to 20% of patients with PML [51] . Therefore, PML should be considered in the differential diagnosis of any MS patient taking natalizumab presenting with new neurologic symptoms. As the name implies, the disease is progressive and symptoms worsen over time. Moreover, if this entity is not recognized and diagnosis is delayed, symptom progression may accelerate.
PML: Surveillance and Diagnosis
Confident diagnosis of PML is achieved through a combination of clinical features, characteristic imaging findings, laboratory testing, and histopathology as outlined in the recently proposed case definition for natalizumab associated PML and in the AAN consensus statement on PML diagnostic criteria [52, 53] . These guidelines emphasize that the highest level of diagnostic certainty requires histopathologic confirmation but that the presence of clinical and/or imaging findings in combination with JCV DNA in the CSF is also diagnostic. These criteria not only provide some certainty to the diagnosis, but also serve as a guideline on what further testing could be obtained to achieve a more conclusive diagnosis.
Currently there is no consensus on how frequently surveillance MRI should be performed to monitor for PML, with some suggesting scanning up to every 3-4 months [54] . When PML is suspected clinically, timely MRI imaging and cerebrospinal fluid sampling with polymerase chain reaction (PCR) testing for JC virus DNA should be performed to confirm diagnosis. PCR for JCV DNA in the CSF has a reported sensitivity of 80% and specificity of 90% [55] .
Negative CSF PCR for JCV does not exclude PML as viral loads can be very low (<100 copies/mL), and most commercial tests are only able to detect JCV DNA in excess of 200 copies/mL [21, 56] . Patients with repeatedly negative CSF JCV PCR can nevertheless demonstrate MR imaging suggestive of PML [22, 44, 52, 57] . A recently proposed test to help confirm the diagnosis of PML in such cases relies on the elevation of anti-JCV IgG antibodies in the CSF and the calculation of the CSF JCV antibody index: an index of >1.5 was 100% specific and 57% sensitive for the diagnosis of PML in these cases [56] . In difficult cases where the clinical, radiologic, or laboratory findings are inconclusive, brain biopsy can also be performed [53] .
PML: Imaging Features
CT imaging abnormalities in patients with PML have been described, generally demonstrating multiple areas of low attenuation with scalloped borders in the peripheral and subcortical white matter, with these areas coalescing as the disease progresses [58] .
In the current era, MRI has supplanted CT as the modality of choice for the diagnosis of PML. PML characteristically presents as one or more areas of T2/FLAIR hyperintensity in the white matter in a peripheral, bilateral, but asymmetric distribution. Lesions vary in shape and size, growing larger and becoming confluent as the disease progresses. Lesions classically involve the subcortical U-fibers in nearly all cases [59] . This subcortical involvement leads to a sharp border between the superficial aspect of the lesion and the overlying cortex, while the deeper border remains ill defined (Figure 2) . Involvement of the overlying cortex, while originally thought to be rare, has been increasingly reported [59] [60] [61] [62] [63] . As the disease is usually peripheral, the periventricular white matter is typically spared [48] ; however, the periventricular location does not preclude the possibility of PML (Figure 3(a) ).
On T1 weighted imaging lesions become increasingly hypointense, as irreversible white matter destruction occurs [44, 48, 59] . T2-weighted imaging may demonstrate a "microcyst" or "granular" pattern, especially in larger lesions [48, 59] . This finding has been suggested to represent small areas of demyelination which occur in the immediate vicinity of infected oligodendrocytes or early immune response within perivascular spaces [59] (Figure 3(b) ).
The regular use of MRI imaging in MS patients may be able to detect the disease very early before the patients become symptomatic [49, [64] [65] [66] [67] . Imaging at these stages typically shows hazy, typically hyperintense T2 signal in the Multiple Sclerosis International There is now marked involvement of the deep gray matter structures (dotted arrows) which occurs in up to one-third of cases. However, note that despite involvement of almost the entire hemisphere, the lateral ventricle remains only mildly compressed and there is no midline shift, as would be expected with other lesions of this size, and no enhancement has developed.
juxtacortical white matter and usually involves the U-fibers, most commonly in a single lobe. The lesions may not be as focal as a typical MS relapse and generally do not enhance while the patient is asymptomatic (Figures 4(a) and 4(b) ). Gray matter involvement may be present in up to 83%. 60% of asymptomatic patients have lesions which show high signal intensity on DWI [67] . In the supratentorial brain the parietal, occipital, and frontal lobes are the most frequently involved. Like other aggressive infiltrating lesions, PML can infiltrate the corpus callosum, though isolated corpus callosal involvement is rare (Figures 4(d) and 4(f) ). Deep gray matter involvement has been reported in conjunction with white matter lesions in up to 5-31% of patients in some series [48, 68, 69] . The thalami are more commonly involved than the basal ganglia. Cortical involvement is increasingly recognized as well. In the early stages of the disease there is typically no mass effect; however, as lesions progress mild mass effect can develop. The degree of mass effect appears mild compared to the extent of disease (Figures 4(d) and 4(e) ).
Posterior fossa involvement is frequently reported, most commonly involving the cerebellum and middle cerebellar peduncles, although the brainstem can also be involved [70] . "Crescent" shaped lesions involving middle cerebellar peduncles and adjacent cerebellar and/or pontine white matter may be specific to PML, rather than MS, as they have so far only been reported in PML patients ( Figure 5 ) [48, [70] [71] [72] [73] . The optic nerve and spinal cord are spared. Hemorrhage is a rare finding that has been reported on occasion in the literature for HIV patients taking natalizumab [74] and is rarely seen in PML [41] .
The incidence of contrast enhancement at initial diagnostic imaging in natalizumab associated PML is higher than that in HIV populations, with up to 43% of natalizumab symptomatic PML cases reporting contrast enhancement at diagnosis [21] , compared with 15% in HIV populations [25] . The pattern of enhancement is variable and may be patchy, linear, nodular, or peripheral and in some cases demonstrates a perivascular pattern [75] . Enhancement at time of diagnosis is correlated with decreased survival and greater clinical disability than those that do not enhance [76] . Enhancement suggests that in this subset of patients natalizumab associated PML involves an inflammatory response to the JCV infection, despite the immunosuppression provided by the drug. Therefore, new enhancing lesions on MRI in patients on natalizumab should not necessarily be assumed to be MS relapse [21] .
Diffusion Imaging
Conventional T2-weighted and T2 FLAIR imaging is sensitive to increased water in brain tissue. However, T2 does not differentiate between cytotoxic processes resulting in intracellular edema, for example, in the setting of cell injury or death, and vasogenic interstitial edema. Diffusion weighted MR imaging (DWI), however, is highly sensitive to the restriction of Brownian diffusion of water molecules which occurs in the setting of cellular injury and cytotoxic edema [77] . The DWI appearance of PML lesions varies depending on the stage of the disease. Early in the course of the disease when lesions are relatively small, infected oligodendrocytes swell and die, resulting in high signal on DWI [78] . As the lesions enlarge the signal on DWI remains high within the peripheral as new oligodendrocytes become infected [78] [79] [80] (Figure 6 ). As treatment is initiated and the lesions become quiescent, the rim loses its DWI hyperintensity (Figure 7 ). Over time, the more typical appearance of low signal on DWI develops due to later phases of tissue destruction and compromise of the blood brain barrier resulting in relatively free diffusion of water within the damaged tissue [81] . Pathologic correlation has suggested that this lesion core corresponds to areas of dead and shrunken oligodendrocytes, bizarre astrocytes, and numerous macrophages and indicates irreversibly destroyed white matter [78] . Since the T1 and T2 signal changes associated with PML are in general irreversible, DWI is an essential tool for monitoring disease progression and treatment response [81] [82] [83] [84] [85] .
Diffusion tensor imaging (DTI) has emerged as a useful imaging modality for detection of microstructural changes in the white matter, including myelination, and assessing white matter integrity [83] . In PML fractional anisotropy (FA) values are reduced, compatible with myelin injury. These changes occur very early in the disease and may detect PML before conventional imaging shows abnormalities [79] . As white matter injury progresses ADC values rise [81, 86] , compatible with more irreversible damage.
MR Spectroscopy
MRS in PML lesions typically demonstrates lower levels of Nacetylaspartate, elevated levels of choline (Cho), and variable myoinositol levels. Spectra differ somewhat between the center and periphery of the lesion and depend on the phase of disease. In general, the periphery of the lesion demonstrates greater increases in Cho and less notable decreases in NAA than in the center of the lesion. This corresponds to more active demyelination peripherally and more advanced neuronal destruction centrally [87] [88] [89] . Unfortunately MRS findings in PML are nonspecific, with similar spectra seen in multiple other types of CNS lesions, including malignancies and MS plaques.
PML: Differential Diagnoses
It is important to consider the differential diagnosis for new MRI findings in MS patients receiving natalizumab as this will affect treatment decisions. JCV infection is the most common opportunistic infection, but other viral CNS infections, including varicella zoster myelitis and herpes simplex encephalitis, have also been reported in natalizumab patients [90] . Varicella-zoster myelitis may demonstrate T2 hyperintense signal and enhancement in the spinal cord [91] , differentiating it from PML. Herpes zoster encephalitis presents as rapidly progressive cortical and subcortical T2 hyperintensity, swelling, and occasional enhancement involving the temporal lobes +/− other limbic regions [92] . Various bacterial and fungal infections may also occur.
The most important differential consideration is whether new lesions are related to multiple sclerosis relapse. New MS lesions tend to be small, focal, and well delineated, favoring the periventricular and juxtacortical white matter and are typically round or ovoid in shape [48, 69] . MS lesions may enhance homogenously or peripherally, whereas PML generally does not. MS lesions generally only restrict diffusion in the hyperacute phase (<1 week) [93] .
Multiple Sclerosis International Tumefactive demyelinating can be misinterpreted for PML lesions as they demonstrate large areas of T2 hyperintensity and T1 hypointensity; however, mass effect is usually greater in tumefactive lesions [94] , and T1 hypointensity improves over time in tumefactive lesions due to remyelination [94] [95] [96] , while this does not occur in PML. Acute disseminated encephalomyelitis (ADEM) can appear similar to PML with large areas of T2 signal abnormality in the white matter and deep gray structures with minimal enhancement and variable mass effect [97] . Posterior reversible encephalopathy syndrome (PRES) can appear superficially similar to PML on initial examination, but lesions tend to be more symmetric than those in PML and predominantly involve the posterior aspects of the brain. Finally, PRES lesions typically resolve with treatment of the inciting etiology [98] .
PML: Treatment
The goal of treatment for natalizumab associated PML is the restoration of immune function by expedient removal of the drug. This is typically achieved with plasma exchange (PLEX) or immunoadsorption (IA), which clears natalizumab from the 4 1 receptors. Three to five PLEX sessions may be required over the course of 2 weeks [99] ; however, more or fewer sessions may be needed and serum natalizumab level monitoring during PLEX may be of benefit [100] .
PML-IRIS
Immune Reconstitution Inflammatory Syndrome (IRIS) is a phenomenon originally reported in AIDS patients who were prescribed highly active antiretroviral therapy and subsequently experienced a paradoxical clinical deterioration [101] . In PML patients treated with PLEX, once clearance of natalizumab has been achieved, many patients will experience rapid worsening of neurologic symptoms. This is thought to be due to an exuberant immune response to viral antigens resulting in inflammation mediated damage to infected and noninfected neuronal and glial tissue. Given the strong association between natalizumab associated PML and IRIS, the combined term PML-IRIS is used to describe this phenomenon (Figure 8 ) [66] .
PML-IRIS may occur following discontinuation of natalizumab in the absence of PLEX; however, it tends to occur later, usually approximately 90 days after last dose, reflecting the longer time necessary to clear the drug [21, 102] . The clinical impact of the PML-IRIS phenomenon should not be understated, as it results in substantially worsened EDSS scores and up to 30% mortality [23] . The most common therapy for PML-IRIS is high dose corticosteroids in an attempt to control the deleterious effects of the exuberant inflammatory cascade [35, 66, 76] .
PML-IRIS: Imaging Features
Given the substantial morbidity and mortality associated with PML-IRIS, prompt recognition of the phenomenon is crucial for rapid initiation of supportive therapies. Progression of the typical imaging findings of PML and evidence of active inflammation following clearance of natalizumab from the patient's system are the hallmarks of PML-IRIS. Existing PML lesions may increase in size and may coalesce as more white matter becomes involved. This is accompanied by increasing edema, cerebral swelling, and mass effect, which are not typical of PML. Contrast enhancement develops or increases and exhibits variable patterns, including patchy, punctate, irregular and hazy, ill-defined enhancement patterns ( Figure 9 ) [59] . These inflammatory MR findings will progress then regress over time. Lesions remain T2/FLAIR hyperintense after cessation of the active inflammatory response. Typically T1 hypointensity increases indicating irreversible white matter damage. Long term retrograde neuronal degeneration results in atrophy of the overlying cortex.
Natalizumab Rebound
Patients may find it necessary to discontinue natalizumab therapy for a variety of reasons including the fear of contracting PML after long term usage, JC virus seroconversion, disease progression despite treatment, pregnancy or the intention to become pregnant, antibodies to natalizumab, or allergy [103] . Multiple small studies have demonstrated an unusually robust inflammatory response greater than a patient's typical relapse severity before starting natalizumab therapy (i.e., rebound) on MR imaging performed within approximately three months following discontinuation of the drug [104] [105] [106] [107] [108] [109] [110] [111] [112] . The picture is not definitive, however, as phase III clinical trial data shows renewed disease progression at an expected pre-natalizumab level [113] ; however, other trials demonstrate disease severity greater than what had been previously experienced. This is referred to as the "rebound phenomenon" [114, 115] and may occur in 10-40% of patients after discontinuation of natalizumab [108, 109, 116] . Rebound may be more frequent in those patients with a lower pretreatment level of disease activity and in those patients in whom the gap between discontinuation of natalizumab and initiation of another subsequent therapy is delayed [103, 117] . Therefore, clinicians need to be vigilant when monitoring patients after cessation of natalizumab, as the disease may become more aggressive during this period, resulting in a more profound relapse than would otherwise be expected. On MR imaging the appearance of the rebound phenomenon appears as new enhancing and/or nonenhancing lesions. The number of new or enhancing lesions may be greater than in a typical relapse and can be quite severe [108] [109] [110] (Figure 10 ). Development of enhancement at the margins of old lesions has also been reported [109] .
Conclusion
Given the widespread and increasing use of natalizumab for the treatment of RRMS it is crucial for the neurologist and neuroradiologist to understand and recognize the common major complications of this treatment. These primarily include PML, PML-IRIS, and natalizumab rebound. The imaging presentation of PML is typified by bilateral but asymmetric areas of abnormal T2 signal in the peripheral subcortical white matter, with or without enhancement. Diffusion weighted imaging is of particular value in the evaluation of patients suspected of PML, as peripheral hyperintensity and central hypointensity on DWI images are classic. DWI may have utility in differentiating early PML from MS relapse and may be used to monitor patients treated for PML.
Although not yet in widespread clinical use, DTI may be able to detect PML earlier than conventional imaging, before it is clinically manifest. PML is treated by rapid clearance of natalizumab from the patient with PLEX. Clearance of natalizumab, with or without PLEX, often results in PML-IRIS, which is typified by progression of the typical imaging findings of PML and evidence of new contrast enhancement and swelling. Finally, the phenomenon of natalizumab rebound after drug discontinuation, while controversial, may be a distinct entity in a subset of patients. This is essentially an aggressive relapse and may demonstrate more numerous enhancing lesions as well as enhancement of the margins of old lesions.
